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, which is termed mass anomalous fractionation (MAF), and can be described using the statistic Δ In the modern atmosphere, SO 2 photolysis is suppressed by O 3 , which is derived from O 2 and absorbs ultraviolet radiation at key wavelengths. The expression of MAF in the modern atmosphere is further limited by the chemistry of O 2 , which, through reductionoxidation reactions in the atmosphere and surface environments, can homogenize the photolysis products and erase MAF. Together, these constraints have been used to link the preservation of large S-MAF (Δ 33 S from − 5 to + 12‰) in rocks more than 2.33 billion years old 2 to extremely low concentrations of atmospheric O 2 (< 10
times present atmospheric level 3 ). Despite having a framework for the interpretation of S-MAF, key questions remain about sulfur cycle mass balance. Since the bulk Earth is characterized by a specific abundance pattern of S isotopes, the relative enrichment of S approximately equal to zero (bulk Earth). Assuming that the crust has the same Δ 33 S as the bulk Earth 4, 5 , the mass balance hypothesis holds that the bulk Archaean crust has a Δ 33 S ≈ 0 despite atmospheric processes that generate S compounds with Δ 33 S ≠ 0, since both photolysis products (that is, the carriers of both positive and negative Δ 33 S values) must be simultaneously deposited if the input and output fluxes of S are close to being in balance.
In contrast to mass balance expectations, several studies have hypothesized that the bulk Δ 33 S composition of Archaean crust (Δ 33 S AC ) is greater than zero 6, 7 . This idea is based on compilations of Δ 33 S measurements of Archaean-age rocks that tend to show more positive than negative values 6, 7 . This hypothesis would require that the photolysis product with a negative Δ 33 S would have had to preferentially accumulate in a S reservoir other than the crust (for example, the mantle 8 ). If correct, this would imply that Δ 33 S variations in igneous materials can be used to trace the recycling of continental crust in the mantle 8 . Additionally, a Δ 33 S AC > 0 would imply that the geologic record of Δ 33 S in marine sedimentary rocks would be a poor recorder of the timing of atmospheric oxygenation 6, 7 . This is because, even after atmospheric processes cease to generate S-MAF due to high partial pressure of oxygen (pO 2 ), the weathering of ancient sulfide minerals formed during times of low pO 2 would still transfer sulfur with an anomalous Δ 33 S value to the ocean, where it can be re-incorporated into the rock record. As most sulfur cycling obeys canonical mass-dependent fractionation laws, the lag between the rise of atmospheric O 2 and the disappearance of Δ 33 S anomalies may be as long as 10 to 100 million years 7 , depending on, among other things, the value of Δ 33 S AC . Such long lag times would significantly blur our understanding of the timing of the first rise in atmospheric O 2 .
To test for mass balance in the Archaean S cycle (that is, to evaluate the idea that Δ 33 S AC > 0), one requires a robust means to determine Δ 33 S AC that integrates over large volumes of Archaean crust. Although a large number of Δ 33 S measurements of Archaean-aged rocks have been made (n > 3,500; references in Supplementary  Table 1) , using these analyses to infer Δ 33 S AC poses several challenges. For example, the number of measurements per geographic locality and their temporal resolution are not standardized between studies, which necessitates the use of a statistical weighting procedure to combine different measurements (for example, ref. 9 ). Also, much of the existing Δ 33 S data come from specific sulfur-rich lithotypes, which raises questions about their relevance to the bulk 
Approach and selected field sites
We took an alternative approach to estimating Δ 33 S AC that relies on measurements of sulfur in modern rivers that flow over Archaean crust to more equitably integrate over the requisite large spatial scales. Presently, the majority of S supplied to surface environments is transferred to the oceans as dissolved sulfate in rivers 14 , which reflects the high solubility and rapid dissolution kinetics of common S-bearing minerals as well as the large oxidizing capacity of the modern atmosphere 15 . Since riverine sulfate is sourced from the nearly quantitative weathering of S-bearing minerals contained in the underlying crust, it retains information about their Δ 33 S composition 16 . Thus, in river catchments underlain by exclusively Archaean-aged rocks, the Δ S of 0‰ because they reflect modern (or relatively recent) sulfur. However, the relative contribution of non-crustal sources, including any anthropogenic inputs, is readily quantifiable.
To constrain Δ
33
S AC , we sampled surface (n = 42) and groundwaters (n = 2) draining the Archaean-age Superior Craton in Southern Canada ( Fig. 1; Supplementary Table 2 ). This region is ideal for this task because it features large areas of exclusively Archaean-aged rocks that are known 19 to contain sulfide minerals with non-zero Δ ) and are underlain by variable proportions of Archaean-aged sedimentary, igneous and metamorphic rocks (Fig. 1) . We note that, relative to average Archaean crust 20 , the proportions of rock types expected and observed 19 to carry S-MAF are over-represented at our study site ( Fig. 1 ). Additionally, they are dominantly Neoarchaean in age, which is an era when Δ Table 3) .
For all samples, sulfate was extracted from filtered water using ion-exchange chromatography and analysed for its δ 34 S and Δ 33 S composition using multi-collector inductively coupled plasma mass spectrometry 22 . This technique is very sensitive and well suited for studying rivers, which typically have low sulfate concentrations. 
Results from canadian and south African rivers
In surface and groundwaters collected across the Superior Craton field area (Fig. 1) , the measured Δ 33 S values are not significantly different from zero (Fig. 2) . This result suggests that, at the > 10 km Fig. 1 ). We did observe a positive Δ 33 S anomaly in one of the three South African groundwater samples ( Supplementary Fig. 1 ). This groundwater sample was from a shallow aquifer in ~2.53-Gyr-old Cambellrand platform carbonates, which show positive Δ 33 S values in carbonate-associated sulfate 23 . As local groundwaters sample sulfate from a relatively smaller volume of rock relative to large rivers, our data are, overall, consistent with Δ 33 S AC ≈ 0.
Dissolved sulfate mixing model
To evaluate the impact of non-crustal sources on our measurements of Δ 33 S in rivers draining the Superior Craton, we used a mixing model where riverine sulfate is assumed to be sourced from crustal sulfur as well as natural and anthropogenic non-crustal sources (see Methods). The relative contribution of non-crustal sulfur (atmospheric deposition and urban runoff) was constrained using combined mass balances of chloride and sulfate ions along with measurements of the flux-weighted average rainwater composition from 14 stations nearby our sites ( Supplementary Fig. 2 ) and constrained assumptions on the composition of urban runoff. To solve for Δ
33
S AC based on our source apportionments, non-crustal sources were assumed to have Δ
S values ranging from − 0.1 to + 0.1‰ (that is, consistent with the trend in the data depicted in Fig. 2a) . To account for uncertainties in our endmember definitions and analytical measurements, we used a Monte Carlo approach yielding a probability distribution of Δ 33 S AC estimated for each river. Samples where the estimated contribution of non-crustal sulfur exceeds ~50% of the total sulfur budget (Fig. 2) S values of riverine sulfate is not due to mixing with sulfate derived from non-crustal sources (Fig. 2a) or, alternatively, the weathering of Proterozoic rocks deposited after the rise of oxygen (Fig. 2b) . Instead, our measurements reflect Δ
S AC values of the underlying crust that are approximately equal to zero. We note that riverine δ 34 S is more variable ( Supplementary  Fig. 3 ), potentially reflecting the effects of sulfur cycling within the catchments (for example, ref.
17
) or contributions from urban runoff (Supplementary Information; Supplementary Fig. 3 ). While our mixing model assumes that sulfate is conservative, loss due to sulfate reduction or biosynthesis would not bias our estimate of Δ 33 S AC as those fractionations are mass-dependent, and would instead only increase the uncertainty of our estimate as a result of overestimating non-crustal contributions.
By combining rivers with sufficiently high proportions of crustal S into a single catchment-area-weighted average, we estimated Δ 33 S AC to be − 0.09 ± 0.3‰ (Fig. 3) . Based on these results, the estimate of Δ 33 S AC made by ref. 6 is permissible (+ 0.5‰; exceedance probability = 0.05), but higher estimates given by ref. 7 are unlikely (+ 1 to + 5‰; exceedance probabilities = 0.005 and 5 × 10
, respectively).
Since our estimate of Δ 33 S AC comfortably encompasses 0‰, it gives support to the notion that the Δ 33 S of Archaean-aged crust is equal to zero; and consequently we infer that-despite the substantial MAF that characterizes geological samples-the Archaean sulfur cycle was mass balanced (Fig. 3) . weathering and volcanic activity was returned to the crust by pyrite burial without the selective transfer of 33 S-depleted components to the mantle 8 . Based on observations of limited variability in the Δ 33 S composition of sulfate in rivers draining Archaean crust, we also concluded that the weathering of Archaean crust does not presently transfer sulfate with a large positive Δ 33 S anomaly to the oceans (Figs. 2 and 3) . Although we observed one dissolved sulfate sample with an anomalous Δ 33 S value (for example, Supplementary Fig. 2) , it is limited to local groundwater sourced from carbonate rock. Similar observations of Δ 33 S anomalies in dissolved sulfate in the literature are also limited to groundwater environments that source sulfur from small volumes of crust 16 . Since any of the large (> 7 km 2 ) river catchments observed in our study are inconsistent with a Δ 33 S AC greater than 1‰, we do not expect crustal recycling at a global scale to generate a significant lag between the cessation of S-MAF genesis in the atmosphere and its disappearance in the sedimentary record 6, 7 . Our results do not preclude an Archaean crust with a small Δ 33 S anomaly. However, we expect that the magnitude of the associated crustal recycling effect, which depends on the value 7 of Δ 33 S AC , would be too small to be interpreted as evidence for negligible pO 2 (that is, < 0.3‰). Similarly, although our field area does include intrusive igneous rocks, they are less abundant than in average Archaean crust ( Fig. 1) and would have also contributed to riverine sulfate fluxes in the past. Moreover, individual rivers that sample areas underlain by larger proportions of surficial rocks relative to the total average (up to > 98% meta-sedimentary rocks) do not show evidence for large Δ 33 S anomalies. Overall, our work supports the hypothesis that the disappearance of Δ 33 S anomalies in sedimentary rocks provides a robust proxy for the timing of atmospheric oxygenation 1,2 .
implications for atmospheric oxygenation

Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41561-018-0184-7.
Sample collection. Samples were collected from riverbanks using a polypropylene syringe. Prior to filtering the samples with a 0.2 μ m porosity nylon filter, the syringe was rinsed with three syringe-volumes of river water. After discarding the first ~10 ml of filtered water, the remainder was collected into two 15 ml polypropylene vials. One vial was preserved with approximately 20 μ l of high-purity concentrated HNO 3 dispensed from a Teflon dropper.
Solute concentrations. To measure major element concentrations, we injected a 4 ml aliquot from each un-acidified sample into a dual-channel Dionex Ion Chromatograph with parallel anion and cation columns at the Caltech Center For Environmental Analysis. The instrument was calibrated with a set of synthetic standards and precision/accuracy were checked by repeated analysis of the ION-915 river water reference material (Environment Canada).
Sulfate-sulfur isotope measurements. To measure the δ 34 S V−CDT and δ
33
S V−CDT of sulfate (where V-CDT stands for Vienna-Canyon Diablo Troilite), we purified sulfate from ~1-10 ml of sample using an anion exchange resin following established protocols 22, 23 . Before separation, all samples were evaporated to dryness within a clean laboratory. The sample residue was then re-dissolved in 0.5% HCl and introduced into a column of AG1X8 resin following ref. 23 . After elution from the columns, the samples were evaporated to dryness and then redissolved in 5% HNO 3 . Before analysis, all samples were diluted and mixed with a sodium hydroxide solution to match the sodium and sulfate concentrations of the bracketing standard. The samples were then analysed using a Thermo Neptune Plus multi-collector inductively coupled plasma mass spectrometer at Caltech using sample-standard bracketing to correct for instrumental drift and mass bias following ref. 22 . Replicate extraction and analysis of a seawater standard was performed to ensure accuracy between analytical sessions. After analysis, Δ 33 S values were calculated from measured δ 33 S and δ
34
S as:
33 33 34
where δ′ 3X S is given by:
Superior Craton rainwater chemistry. Time series of the major element composition and mass fluxes of rainfall were taken from the NAtChem database (accessed at ec.gc.ca/natchem). Specifically, we used daily samples collected throughout 2011 from the 14 stations closest to our study sites. For each station, we calculated a precipitation-amount-weighted annual average rainwater concentration for each solute, which represents the expected concentration of river water assuming that rainwater was the sole solute source (Supplementary Fig. 2 ). The range of annually averaged concentrations observed between the 14 stations was used to represent the uncertainty in rainwater contributions for subsequent mixing calculations. High concentrations of chloride (that is, up to 19 times greater than the maximum rainwater concentration) and sodium to chloride ratios approximately equal to one imply a significant contribution of anthropogenic de-icing salts to the dissolved load for some samples (see below; Supplementary Fig. 2 ). This hampers the use of chloride as a simple independent check for the proportion of the dissolved load sourced from rainwater based on the NAtChem database. Fortunately the lowest measured sulfate concentrations in river waters were similar to our predicted rainwater concentrations, supporting the inference that estimates of rainwater concentrations provide meaningful constraints on river chemistry (Supplementary Fig. 2 ).
Rainwater SO 4 to Cl ratios can be temporally variable, but tend to be elevated relative to the SO 4 /Cl of seawater, which, in the form of aerosols, is thought to be a main solute source for rainwaters 24 . Typically, uncontaminated rainwater samples show an approximate factor of two enrichment in SO 4 /Cl relative seawater as a result of biogenic S aerosols 24 . In contrast, the observed annual mean SO 4 /Cl of rainwaters near our study site are enriched relative to seawater by a factor of approximately 91. We attribute such a high enrichment to anthropogenic contamination from some combination of fossil fuel burning and ore smelting. As a result, correcting river water data for the solutes sourced from rainwaters implicitly accounts for some anthropogenic contamination.
Superior Craton urban runoff chemistry. The chemical composition of some river samples suggested a solute source associated with anthropogenic de-icing salts ( Supplementary Fig. 2 and Supplementary Table 2 ). For example, samples collected from streams that drain urbanized areas in the city of Thunder Bay (Lakehead and Madeline) show highly enriched Cl concentrations and Na to Cl ratios close to 1. Since de-icing salts are widely used in urban areas in cold climates, we considered Cl concentrations and Na to Cl ratios as general markers for contamination from 'urban runoff ' , including solutes not directly sourced from de-icing salts.
The amount of Cl derived from urban runoff can be calculated as the difference between measured riverine concentrations and average rainwater concentrations (from NAtChem) as there are no substantial evaporite deposits present within our study site (Fig. 1) . For other solutes, the contribution of urban runoff is calculated as:
where the subscripts refer to the mass of solute (X) present in river water (R) and derived from crustal weathering (C), rainwater (A), and urban runoff (U). To apply equation (4) to apportion the sulfate budget, we constrained the SO 4 to Cl ratio of urban runoff using measurements of road salts from ref. 25 . This range of SO 4 to Cl values (0.001 to 0.01) assumes that there are no other S sources besides road salt in urban runoff. As a sensitivity analysis, we also test an urban runoff SO 4 to Cl endmember ratio an order of magnitude higher than road salt (that is, 0.1) in our isotopic mixing model (see below). However, trends apparent in our dataset imply that the SO 4 to Cl ratio of urban runoff is low. For example, samples with the highest contributions of urban runoff (based on Na and Cl mass budgets) show the lowest SO 4 to Cl ratios (< 0.1).
Assuming limited evaporation, the mixing of solute masses can be approximated by mixing solute concentrations (denoted below using brackets). As a result, equation (4) can be re-written to solve for the proportion of sulfate derived from crustal weathering (f C ) where:
[Cl]
[SO ] S mixing model. By grouping together both non-crustal S sources (that is, atmospheric deposition and urban runoff), the Δ 33 S budget can be written as a two-component mixing problem where:
Grouping together both non-crustal sources (that is, rainwater and urban runoff) is justified as they are both expected to have Δ 33 S ≈ 0 on account of them incorporating predominately modern sulfur. Although atmospheric sulfate aerosols derived from volcanic gases injected into the stratosphere can display non-zero Δ
33
S values 26 , these values are small relative to Archaean rocks, our study site is far from any active volcanism, and previous estimates suggest that volcanogenic sulfate makes up a small proportion of the sulfate in local rainwaters 27 . Alternatively, the smelting of sulfur-rich ores derived from local Archaean rocks could contribute S with an anomalous Δ 33 S to the atmosphere. As a sensitivity test, we allow the Δ 33 S of the non-crustal endmember to range from − 0.1 to + 0.1‰ in order to account for uncertainty in the exact Δ 33 S of non-crustal sources. This range is consistent with our data that show high proportions of non-crustal sulfur (Fig. 2a) .
As written, equation (6) yields an approximate solution as it ignores nonlinearities associated with using δ 33 S and δ 34 S in endmember mixing problems. The error incurred by this approximation increases with the difference in δ 34 S values between endmembers. Measurements of local rainwaters 27, 28 (+ 2 to + 9‰) and bedrock 19 (− 0.4 to + 6‰) yield similar δ 34 S, which implies negligible errors of < 0.004‰ when using equation (6) . Although the δ 34 S of urban runoff is unknown, regressing the mean estimates of the proportion of urban runoff-derived S against the measured δ 34 S for each river sample and extrapolating to 100% urban runoff yields a δ 34 S of 41 ± 6‰ ( Supplementary  Fig. 3 ), which is sufficiently close in magnitude to the other endmembers for the approximate form of the mixing equation (that is, equation (6)) to yield accurate results (error < 0.04‰). As a result, we use the approximate form of the mixing equation in all mixing calculations.
All together, our mixing analysis uses the flux-weighted average concentration of rainwaters (from NAtChem) and measured [SO 4 ], [Cl] , and Δ
S values in river waters (this study) along with assumptions of the SO 4 to Cl ratio of urban runoff (0.001 to 0.1) and the combined Δ 33 S value of rainwater and urban runoff contributions (− 0.1 to 0.1‰). For our Monte Carlo analysis, the river and rainwater measurements are represented as normal distributions whereas the assumed endmember ratios are represented as uniform distributions. All mixing results are constrained such that the fractional contribution of each endmember must be between 0 and 1. The mixing analysis is performed using 10 7 random draws from each a priori distribution. Replicate simulations were tested to ensure negligible variations in our area-weighted estimate of Δ 33 S AC . This mixing model analysis generates a distribution of possible Δ 33 S AC values given our measurements, their analytical uncertainties, and our selected a priori endmember values. To determine an area-weighted estimate for the entire study region, we first culled the data to remove rivers where the estimated proportion of crustal sulfur was too low to meaningfully constrain Δ 33 S AC . Specifically, we removed data where the standard deviation of Δ 33 S AC estimates was > 1‰, which roughly corresponds to a mean estimate of less than 50% crustal sulfur. All real
